Electrospray ionization (ESI) of denatured proteins produces a broad distribution of multiplycharged ions leading to multiple peaks in the mass spectrum. We investigated changes in the positive-mode ESI charge state distribution produced by several chemical modifications of denatured proteins. Capping carboxylic acid groups with neutral functional groups yields little change in charge state distribution compared with unmodified proteins. The results indicate that carboxyl groups do not play a significant role in the positive charging of denatured proteins in ESI. The modification of proteins with additional basic sites or fixed positive charges generates substantially higher charge states, providing evidence that the number of ionizable sites, rather than molecular size and shape, determines ESI charging for denatured proteins. Fixed charge modification also significantly reduces the number of protons acquired by a protein, in that the charge state envelope is not increased by the full number of fixed charges appended. This result demonstrates that Coulombic repulsion between positive charges plays a significant role in determining charge state distribution by affecting the gas-phase basicity of ionizable sites. Addition of fixed-charge moieties to a protein is a useful approach for shifting protein charge state distributions to higher charge states, and with further work, it may help limit the distribution of protein ions to fewer charge states. T he development of electrospray ionization (ESI) has been critical for the analysis of intact proteins by mass spectrometry (MS). Electrospray ionization of proteins creates a distribution of ions in high charge states. This multiple charging allows for very accurate measurement of even large molecular weight proteins with most types of mass spectrometers, which has made ESI the ionization method of choice for MS characterization of intact proteins. In many cases, however, the charging of proteins by ESI is less than optimal. Having control over protein charge states could have several advantages. It would be beneficial to concentrate signal observed from proteins into fewer charge states, both to simplify spectra and to improve signal-to-noise ratios. Such improvements could dramatically improve the analysis of protein mixtures, which can be complicated by spectral overlap. Also, it would be advantageous for protein ions to exist in a few high charge states, as opposed to a few low charge states, because most mass spectrometers are better suited to these lower m/z ions. Furthermore, highly charged protein ions tend to acquire fewer adducts [1, 2] , and fragment more efficiently than protein ions of low charge [3] [4] [5] .
Electrospray ionization (ESI) of denatured proteins produces a broad distribution of multiplycharged ions leading to multiple peaks in the mass spectrum. We investigated changes in the positive-mode ESI charge state distribution produced by several chemical modifications of denatured proteins. Capping carboxylic acid groups with neutral functional groups yields little change in charge state distribution compared with unmodified proteins. The results indicate that carboxyl groups do not play a significant role in the positive charging of denatured proteins in ESI. The modification of proteins with additional basic sites or fixed positive charges generates substantially higher charge states, providing evidence that the number of ionizable sites, rather than molecular size and shape, determines ESI charging for denatured proteins. Fixed charge modification also significantly reduces the number of protons acquired by a protein, in that the charge state envelope is not increased by the full number of fixed charges appended. This result demonstrates that Coulombic repulsion between positive charges plays a significant role in determining charge state distribution by affecting the gas-phase basicity of ionizable sites. Addition of fixed-charge moieties to a protein is a useful approach for shifting protein charge state distributions to higher charge states, and with further work, it may help limit the distribution of protein ions to fewer charge states. T he development of electrospray ionization (ESI) has been critical for the analysis of intact proteins by mass spectrometry (MS). Electrospray ionization of proteins creates a distribution of ions in high charge states. This multiple charging allows for very accurate measurement of even large molecular weight proteins with most types of mass spectrometers, which has made ESI the ionization method of choice for MS characterization of intact proteins. In many cases, however, the charging of proteins by ESI is less than optimal. Having control over protein charge states could have several advantages. It would be beneficial to concentrate signal observed from proteins into fewer charge states, both to simplify spectra and to improve signal-to-noise ratios. Such improvements could dramatically improve the analysis of protein mixtures, which can be complicated by spectral overlap. Also, it would be advantageous for protein ions to exist in a few high charge states, as opposed to a few low charge states, because most mass spectrometers are better suited to these lower m/z ions. Furthermore, highly charged protein ions tend to acquire fewer adducts [1, 2] , and fragment more efficiently than protein ions of low charge [3] [4] [5] .
Several factors affect the distribution of the charge states in a protein ESI mass spectrum including electrospray solvent, instrumental factors, and the protein's primary structure and conformation [6, 7] . The contributions of protein functional groups, particularly acidic and basic groups, to the charge state distribution are not fully understood. Most cases of positive-mode ESI of peptides and proteins show that charges are localized primarily at highly basic groups (Lys, Arg, His, Nterminus) [7, 8] ; however, the number of basic groups alone does not fully explain the charging behavior. In peptides, the dominant effect governing charge state distribution appears to be charge-charge repulsion between protonated basic sites. Polyarginine peptides, for instance, take on significantly fewer charges than the number of basic groups [9] . While some studies with peptides have shown that carboxyl groups do not decrease charging in positive-mode ESI [7] , recent work by Samalikova and Grandori has provided some evidence that carboxyl groups can negatively affect the positive charging of a peptide [10] . In their work, a significant increase in charging occurred for the peptide angiotensin when an aspartic acid residue was replaced with an asparagine. This result raises the question as to whether carboxyl groups exist in their deprotonated form in gas-phase peptide/protein cations.
Deprotonated carboxyl groups would not be expected on positively-charged peptide or protein ions based upon intrinsic gas-phase basicity considerations; nonetheless, some evidence for such gas-phase salt bridges does exist. The intrinsic gas-phase basicity (GB) of a carboxylate anion (334.7 kcal/mol for glycine) [11] is significantly higher than that of the guanidium group of Arg in a protein (251 kcal/mol) [12] , which indicates that proton transfer would occur from a protonated basic group to the deprotonated carboxyl unless there was substantial charge stabilization (ϳ84 kcal/mol). Modeling and measurements by reactions with volatile bases have shown gas-phase basicities of basic groups on proteins can be lowered substantially by Coulombic interactions to give apparent GB's that are up to ϳ50 kcal/mol lower than the intrinsic values [13, 14] . Some direct evidence has been obtained for gas-phase salt bridging interactions in the arginine dimer and the peptide bradykinin. Both examples involve zwitterions consisting of a negative ion between two positively charged arginines through a (ϩ) . . . (Ϫ) . . . (ϩ) motif [15, 16] . For the bradykinin [M ϩ H] ϩ ion, a combination of molecular mechanics and density functional theory calculations found the salt-bridge structure is ϳ10 kcal/mol lower in energy than the structures having a single protonated arginine [17] . Furthermore, a recent study with several peptides has indicated the presence of gas-phase salt bridges as detected by losses of CO 2 (44 Da) via ultraviolet photodissociation [8] . These studies suggest that deprotonated carboxyls, as part of salt bridges, can exist in some cases of peptides and amino acids. Protein ions would seem even more likely to exhibit this behavior due to secondary and tertiary structure increasing the capability for charge stabilization.
Investigations of native folded proteins have provided evidence that both basic groups and carboxyl groups in the protein can influence the charge state distribution during positive-mode ESI-MS [10, 14, 18, 19] . Folded protein spectra have shown a direct correlation between the location of acidic and basic groups within the crystal structure and the maximum charge state observed [19] . It was found that the maximum positive charge state correlated to the number of "free" basic groups on the protein surface, which were basic residues not involved in hydrogen bonding or saltbridging interactions with carboxyl groups. These salt bridges may remain intact [14, 19] or a proton transfer may occur upon desolvation [20] .
Alternatively, protein size and shape have been considered as major determinants of the charge state distribution of folded proteins [10, 14, 18, 19, [21] [22] [23] [24] [25] . The charge residue model (CRM) originally presented by Fernandez de la Mora correlates well with experimental data for folded (globular) proteins, and it states that the maximum charge state corresponds to the Rayleigh limit of charges on a droplet of that size [20, 23, 26] . Recent work by Hogan and coworkers shows a strong correlation between the square of the ion mobility diameter of a protein and the mean ESI charge state, which is well below the Rayleigh limit [24, 25] . These correlations seem to hold regardless of the exact numbers of acidic or basic functional groups present, although that may be aided by proteins typically having sufficient basic residues to accommodate that number of charges [27] . These models are additionally supported by chemically modified, peracetylated folded proteins, which show little change in charge state distribution compared with their unmodified forms [28] .
Proteins electrosprayed from denaturing conditions acquire more charges than their folded counterparts and have a wider charge state distribution. Williams and coworkers developed a model for determining the maximum charge state of protein ions generated in the ESI process [13] . Their model employs calculations of apparent gas-phase basicity of a protein, taking into account the point-charge Coulomb interactions (i.e., charge-charge repulsion), and modeling the protein in an extended chain form. The maximum charge state for a protein is predicted by calculating the charge state with a gas-phase basicity closest to that of the electrospray solvent. The predictions agree remarkably well with the maximum charge state observed by ESI-MS for several denatured proteins. However, the majority of protein ions exist in charge states lower than the maximum observed state, and the model does not attempt to explain the origin of these ions. A plausible explanation for these ions is that they represent various partiallyfolded proteins. Ion mobility spectrometry and H/D exchange measurements present evidence for several stable structural conformations in protein ion populations [29 -31] . Carboxyl groups could stabilize such conformations either through salt-bridges or hydrogen bonds, and thereby impact the charge state distribution of denatured proteins. In this role, carboxyls may contribute to the observed less than maximal charging in positive mode ESI-MS.
Several methods have been developed that allow for some control over protein charge states. The majority of these methods lower the charge states of ions. The addition of compounds of high gas-phase basicity to electrospray solutions has been used to shift the charge state distribution of protein ions to lower charge states through proton transfer [32] [33] [34] . Also ion/molecule [35, 36] and ion/ion [37, 38] reactions employing either neutral bases or anions, respectively, have been used in the gas phase to reduce the charge of proteins. While high charge states are generally desirable, little has been accomplished to increase the charging of proteins. Williams and coworkers have demonstrated some increases in charging ("supercharging") over conventional conditions by the addition of solvents, such as glycerol and m-nitrobenzyl alcohol, to produce ESI droplets of higher surface tension [6, 39] . Additional charging of ions by the production of radical cations has been demonstrated by electron impact or by collisions with molecular oxygen in the gas phase [40, 41] . McLafferty and coworkers demonstrated the benefits of increased charging for improved fragmentation of a 29 kDa protein [3] . Electron capture dissociation (ECD) of these high charge states provided cleavage of 97% of the inter-residue bonds, thereby yielding more protein sequence information. More recently Loo and coworkers achieved increased charging of noncovalent protein complexes with m-nitrobenzyl alcohol as a spray additive, which shows promise for facilitating study of native protein complexes [42] .
Guided by the known contributions of functional groups to the charge state distribution (CSD), we employ chemical modifications to alter the CSD of denatured proteins in ESI-MS, including some examples that substantially increase protein charging. Proteins were fully modified by one or more of the reactions shown in Figure 1 : thiol alkylation (Rxn 1), amine alkylation (Rxn 2), acid amidation (Rxn 3), and amine acylation (Rxn 4). Table 1 provides a summary of the various modified proteins used in the current work. The ESI-MS spectra of these proteins provide insight into the role of acidic and basic functional groups on charging in positive mode ESI. Further insights into how protein functional groups affect the charging of denatured proteins could contribute to developments in charge state manipulation and thereby facilitate protein characterization.
Experimental

Materials
All synthetic reagents were obtained from Aldrich (Milwaukee, WI) unless specified otherwise. (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from Applied Biosystems (Foster City, CA, USA). (4-Aminobutyl)trimethylammonium dichloride and [3-(2,6-difluorophenoxycarbonyl)propyl]-trimethylammonium iodide were prepared as described previously [43] . The three standard proteins (bovine ubiquitin, bovine ribonuclease A, and chicken lysozyme) were obtained from Sigma (St. Louis, MO, USA).
Protein Derivatization
Protein modifications were performed similarly to those described previously [43] . Briefly, thiol alkylation with iodoacetamide (Rxn 1a) was performed after thiol reduction in 60 mM NH 4 HCO 3 buffer with 6 M guanidineHCl and 40 mM DTT at 5 mg/mL protein concentration at 37°C for 1 h. Reactions were diluted to 2.5 mg/mL with buffer containing 50 mM iodoacetamide and allowed to proceed at room-temperature in the dark for 1.5 h. For alkylation with (3-acrylamidopropyl)trimethylammonium chloride (APTA) (Rxn 1b), the thiol reduction reactions were diluted with 4 M APTA in H 2 O to 3.3 mg/mL protein concentration and allowed to react at room-temperature in the dark for 3 h.
Amine reductive methylation (Rxn 2) was performed on proteins previously thiol-alkylated or proteins lacking thiols. Protein was dissolved in 300 mM triethanolamine buffer at pH 7.5 with 6 M guanidine-HCl to 1.25 mg/mL and then diluted with methanol to 1 mg/mL. Pyridine-BH 3 and formaldehyde were added to final concentrations of 30 mM and 20 mM, respectively. Reactions were sonicated briefly and allowed to react at room-temperature for 2 h.
Acid amidation (Rxn 3) was performed on proteins that had been previously thiol-alkylated (if present) and amine methylated. Protein was dissolved in wet DMSO (ϳ5% H 2 O) to 1.5 mg/mL. For glycine methyl ester modification (Rxn3a), glycine methyl ester HCl (1 M), n-methylmorpholine (NMM) (750 mM) and PyAOP (40 mM) were added to the protein solutions. Reactions were allowed to proceed at room-temperature for 2 h and were then quenched with the addition of an equal volume of H 2 O. Coupling with 3-(dimethylamino)-1-propylamine (Rxn 3b) and 4-(trimethylammonio) butylamine (Rxn 3c) used 500 mM of the diamine diHCl salt with 350 mM NMM. Also these reactions used 60 mM PyAOP and required an additional 10% H 2 O to solubilize the amine salt.
Amine acylation (Rxn 4) was performed with the difluorophenol ester of 4-(trimethylamino)3-butyric acid, prepared as previously described [43] . Acylation was performed on ubiquitin (0.5 mg) dissolved in 300 mM HEPES buffer pH 8.0 with 6 M guanidine-HCl (0.25 mL). The active ester (9.6 mg, 25 mol) was added and allowed to react overnight at room-temperature. Protein was exchanged into 6 M guanidine-HCl in H 2 O in a 5K MWCO Amicon Ultra centrifugal filter device (Millipore, Billerica, MA, USA). An equal volume of 200 mM LiOH in 6 M guanidine-HCl pH 12.5 was added to hydrolyze esters at 5°C for 3 h.
Proteins with multiple modifications were purified and desalted by HPLC between reaction steps to minimize adverse effects from previous reaction components. Proteins were purified by reverse-phase HPLC on a YMC C18 ODS-A 100 ϫ 10 mm column on a Beckman Coulter (Fullerton, CA, USA) System Gold HPLC.
Mass Spectrometry
The ESI-MS spectra in the figures were acquired with a Bruker micrOTOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA). Many of the samples were also analyzed with two other ESI-MS instruments, and the resulting charge state distributions were quite similar. The protein samples dissolved in 1:1 H 2 O:MeOH containing 0.2% formic acid were infused with a syringe pump at a flow rate of 4 L/min. The protein concentration was 2 M for ubiquitin samples and 0.5 M for ribonuclease A and lysozyme samples. All electrospray ionization was performed in positive mode by holding the stainless steel spray needle at ground and the capillary inlet at Ϫ4500 V. The nebulizer gas pressure was 0.3 bar, and the dry gas flow rate was 2 L/min at 200°C. The potential difference between the capillary exit and the first skimmer was 100 V. Spectra were recorded as the average obtained over 30 s.
The signal intensities were not dramatically different for the various modified forms of each type of parent protein. Some variation was observed, but we attribute that mostly to differences in protein concentrations resulting from small losses during the course of sample handling through several steps of chemical modifica- tion. Additional "noise" in some spectra is due to side products from the modification reactions and not from low signal intensity.
Results
We examined the charge state distributions of denatured proteins that were chemically modified at various functional groups. The modified proteins are summarized in Table 1 , which indicates the modification reactions that were performed and the number of functional groups that were modified. Theoretical and observed masses for each protein were in excellent agreement (Յ0.6 Da), confirming that the derivatization reactions produced proteins with the expected modifications. Figure 2 shows the ESI-MS spectra for the various modified forms of the protein ubiquitin. The spectrum of denatured, unmodified ubiquitin (Figure 2a) shows a charge state distribution (CSD) that ranges from ϩ6 to ϩ14, which agrees with spectra shown in the literature [2, 44] . Comparing Figure 2a and b, the CSD does not change upon methylation of the eight amino groups (seven lysines plus one N-terminus). After methylating the native amino groups, the carboxylic acid groups (Asp, Glu, and C-terminus) were amidated with various primary amines (Rxns 3a-c in Figure 1) .
Amidation of the carboxylic acids with the methyl ester of glycine (GlyOMe) caps the acidic functional groups with a neutral, non-ionizable group, as shown in the inset of Figure 2c . This modification of ubiquitin leads to a slight change in the CSD, specifically an increase of a little less than one charge state (now ϩ7 to ϩ14 with ϩ12 being the most intense). A similar small shift in charge state is observed for the same modification performed with two other proteins, ribonuclease A and lysozyme (compare spectrum b with a in Figures 3  and 4) . Note that unlike ubiquitin, these proteins contain disulfide linkages, and thus were first reduced and alkylated to obtain the fully denatured protein spectra used for comparison (Figures 3a and 4a) . Capping all of the potentially negatively-charged acid groups for these three model proteins produces only a small change in their charge state distributions.
Conversion of the carboxylic acid groups into basic groups, by appending either a tertiary or quaternary amine, leads to a significant increase in charging during ESI-MS. The amidation of 12 acid groups in ubiquitin with tertiary amines produces a range of charge states from ϩ9 to ϩ20 (Figure 2d ), substantially higher than the ϩ6 to ϩ14 for the unmodified protein. Amidation with fixed-charge quaternary ammonium groups shifts the charge state distribution even more to yield a range of ϩ11 to ϩ20 with ϩ15 now being the most intense peak (Figure 2e ). It is noteworthy that appending 12 fixed charges to this protein did not increase the charge states in the distribution by 12, which would have produced a range of ϩ18 to ϩ26. Thus, the fixed-charge modified protein is acquiring fewer protons during electrospray ionization, as indicated in Figure 2e by the designation of Ϫ1 to 8 H ϩ (calculated by subtracting the 12 fixed charges from the observed CSD of ϩ11 to ϩ20). Intriguingly, the presence of the ϩ11 charge state on this protein with 12 fixed charges indicates the presence of at least one negative charge for this ion. The RNase A and lysozyme proteins also showed significant increases in charging when fixed charges were added at acidic sites (Figures 3c and 4c) , and again the CSD did not shift by the full number of fixed charges.
Fixed charge groups were attached to these model proteins at other functional groups besides the carboxylic acids. Ubiquitin was acylated at its native amino groups to append eight fixed charges and eliminate the eight primary amino groups. Replacing these protonatable basic groups with fixed positive charges produces a modest increase in charging, whereby the range becomes ϩ7 to ϩ15 (Figure 2f ) compared with the ϩ6 to ϩ14 for the control spectrum ( Figure 2a) . As addressed in the Discussion section, we had anticipated a narrowing of the CSD, but that result did not occur. The thiol sites in RNase A and lysozyme served as another point of attachment for fixed charges by alkylating them with the APTA reagent, as performed previously on peptides [45] . Appending fixed positive charges to the thiol sites and not interfering with any of the ionizable groups on the proteins led to an increase in charging (compare spectrum d to a in Figures 3 and 4) . Once again the shift in CSD is much less than eight charges, the number of fixed charges added in these two cases.
Discussion
As outlined in the introduction, the literature contains some evidence for the involvement of carboxyl groups in positive mode ESI-MS of peptides and folded proteins. To explore this possibility for denatured proteins, we chose to modify proteins such that the carboxylic acid groups were capped by amidation with neutral groups (Rxn 3a). If the carboxyls were playing a role in determining CSD either through salt-bridging or hydrogen bonding with basic sites, then the removal of all acidic sites on the protein would likely increase the overall charging leading to higher charge states in the ESI spectrum. Only a small shift of Յ1 charge state was observed between the CSDs for the "acid-capped" and the unmodified forms of the three modified proteins (compare spectra: 2c with 2a, 3b with 3a, and 4b with 4a). This result indicates that the presence of acidic residues plays only a minor role in the charging of denatured proteins during positive-mode ESI-MS. Also, it demonstrates that capping acidic groups with neutral moieties is not a successful approach for modifying the CSD of proteins.
This minor role of carboxyl groups in determining the CSD could occur through stabilization of partiallyfolded structures that contain salt-bridges or hydrogenbonds. The observed result of only a small change in CSD upon carboxyl amidation does not rule out the presence of negatively charged residues in unmodified proteins in the gas-phase. The capping of the acidic residues may effectively replace doubly cationic salt bridge motifs, (ϩ) . . . (Ϫ) . . . (ϩ), with singly-protonated cationic sites, which yields the same net charge for the ions. The small change in CSD also implies that carboxyls do not contribute dramatically to stabilizing partially folded structures, which was a possible explanation for the abundance of ions in "less-than-maximum" charge states of denatured proteins during positivemode ESI.
On the other hand, we did observe significant changes in protein charge state distributions upon addition of tertiary or quaternary amines at either acid or thiol functional groups (Figures 2d and e, 3c and d, 4c  and d) . These spectra show a marked shift to higher charge states for each of the three proteins. Amidating methylated ubiquitin with fixed charges shifts the CSD from 6 -14 charges (Figure 2a ) to 11-20 charges ( Figure  2e) . A similar change was observed from the addition of tertiary amines (Figure 2d ) with a shift to 9 -20 charges. Addition of fixed charges to RNaseA and lysozyme by acid amidation or by thiol alkylation also gave a similar shift of the CSD. These modifications are potentially useful for facilitating MS approaches that benefit from more highly charged (lower m/z) ions (e.g., ECD, ETD, and FT-MS of intact proteins) [3, 46, 47] .
The increased charging observed upon adding fixed charges or additional basic groups indicates that the number of basic functional groups on unmodified, denatured proteins generally limits the extent of their charging. Increased charging for these modified proteins may have been expected in light of Williams's charging model for denatured proteins, which states that charging is largely governed by gas-phase basicity of ionizable sites. Interestingly, this result differs from some recent reports on the charging of folded proteins, which indicate charge state is largely determined by molecular shape, as measured by solvent-exposed surface area in solution or gas-phase ion mobility diameter [21, 25] . According to these models, folded proteins have a sufficient number of exposed basic sites to accommodate the charge allowed for an ion of a particular size. So for folded proteins, the overall gas-phase basicity appears to be limited by size and not by the number of ionizable sites. In the present work with denatured proteins, the charge states increase significantly upon modification with fixed charges or additional basic groups with only a small increase in molecular size. Thus, our results provide evidence that for denatured proteins, the extent of charging is determined predominantly by the number of ionizable sites.
This result may have implications for employing ESI spectra to assess the geometry of partially folded proteins in solution. While ESI charge state distributions can reflect the physical dimensions of folded proteins, the limiting number of basic groups may not allow such inferences to be made with partially denatured species. Additionally, this paucity of ionizable sites suggests that appending fixed charges or additional basic groups to a denatured protein past a critical point could enable the CSD to then be governed by molecular size and not by gas-phase basicity. This may result in CSDs with only a few charge states, mimicking behavior typically observed with folded proteins. Attempts to test this hypothesis by modifying proteins with additional quaternary amines have proven unsuccessful so far due to difficulties in chemical modification (e.g., acid amidation was attempted with a compound bearing two quaternary amine groups).
The ESI-MS analysis of the fixed-charge modified proteins clearly illustrates that Coulombic repulsion between positive charges does significantly affect gasphase basicity and the resulting charge state distributions. The addition of twelve fixed charges at the acidic groups of ubiquitin shifted the CSD to higher charge states (Figure 2e ), but it did not simply shift it by the number of added charges. The fixed-charge modifications reduced the net number of protons acquired from a range of 6 -14 (ϩ6 to ϩ14 charge states) to a range of -1 to 8 (ϩ11 to ϩ20 charge states). The same trend in reducing the net protonation upon addition of fixed charges was observed for ribonuclease A and lysozyme (Figures 3c and d, 4c and d) . Through charge-charge repulsion, the addition of fixed charges at non-basic sites (carboxyls or thiols) significantly reduces the effective basicity of the basic sites on the protein. (Note that the basic sites themselves were sometimes minimally modified by dimethylation, but that change by itself had a negligible effect on CSD; see Figure 2b ). This result illustrates that Coulombic repulsion is a key factor in determining charge state and its variability for denatured proteins. The location of basic residues (Arg, Lys, His), carboxyls, and thiols are generally well distributed throughout the sequences of these model proteins. Thus, these Coulombic repulsion effects have not been exaggerated by close clustering of the fixed charge modifications and the protein basic groups. These data also suggest an approach for concentrating the signal into a few high charge states, namely appending numerous fixed charges. While we have attached several fixed charges to these proteins, it has not been sufficient to completely prevent protonation of basic groups. Adding enough fixed charges on a protein would presumably further reduce the propensity for the protein to acquire protons, which could lead to a single charge state equal to the number of fixed charges (or a few charge states near this value). However, these effects may be counteracted by formation of salt-bridges, as discussed below.
The role of variable amine protonation in determining charge state distribution was also explored using amine acylation. Given our results with increasing charging along with Williams's charging model, we hypothesized that converting primary amine groups to fixed-charge quaternary amine groups (Rxn 4, Figure 1 ) might move the charge state distribution to higher states, and possibly narrow it as well. This hypothesis relies on the fact that primary amine groups (Lys, N-terminus) are the most numerous basic groups in ubiquitin and are less basic than Arg residues (GB ϭ 237 kcal/mol for Lys; 251 kcal/mol for Arg) [12] . Consequently, they are more likely to be deprotonated some of time, and as a result they might be the functional groups contributing most of the variability that leads to a distribution of charge states. The fixed charge acylation of ubiquitin increased the CSD slightly to a range of ϩ7 to ϩ15 charge states (compare Figure 2f with 2a) , while reducing the number of protons acquired to a range of Ϫ1 to 7. A significant narrowing of the CSD did not occur. Nonetheless, the observed shift to higher charge states for this fixed-charge acylated protein suggests that variable protonation at amine sites does play a role in the charge state distribution of denatured proteins.
The presence of the ϩ7 charge state on the acylated protein with eight fixed charges (Figure 2f) indicates the presence of at least one negatively-charged group. In this case where negative charge(s) are present, they definitely affect the CSD, in that protein ions exist in lower charge states compared to what would occur without the negative charge(s). Possibly several negatively-charged groups are masking what would otherwise be a narrower CSD for this case where primary amines (with their possibility of being charged or not charged) have been converted to fixed-charge quaternary amines. The negative charge(s) on this acylated protein are most likely deprotonated carboxyls because they would have the lowest gas-phase basicity of the possible negativelycharged groups (GB ϭ 335 kcal/mol) [11] . It is also probable that these carboxylate groups are stabilized by formation of a salt bridge with one or more of the fixed positive charges. Attempts to prevent carboxylate formation by capping the acid groups with neutral groups (e.g., glycine methyl ester) on this acylated protein were unsuccessful. Another example of a negatively-charged group occurs for the fixed-charge amidated ubiquitin (Figure 2e ), and this modified protein did not contain any carboxyl groups. While less favorable than carboxylate formation, deprotonation of phenols or the amide backbone itself may also occur (GB ϭ 342 kcal/mol for phenoxide, GB ϭ 355 kcal/mol for deprotonated methyl acetamide) [11] . Deprotonation at these sites would become increasingly energetically favorable on a highly positively-charged ion. It is worth noting that fixed-charge modified proteins are more likely to form salt-bridge motifs, since fixed-charge positive ions cannot transfer a proton to neutralize a negatively-charged group. Thus, the formation of salt bridges may limit the extent of increased charging that can be obtained by appending fixed charges to proteins.
Conclusions
Several chemical modifications were employed to investigate the roles of protein functional groups in determining charge state distributions in denatured, positive-mode ESI spectra. The minimal change in the CSD with amidation of protein acids with neutral groups indicates that the presence of carboxyl groups has little bearing on CSDs. Modification of proteins with additional basic sites or fixed charges indicates that charging of denatured proteins is often limited by the number of ionizable sites. This result suggests that the number of ionizable sites and their gas-phase basicities are major factors in determining CSDs of unfolded proteins. These chemical modifications offer a useful strategy for increasing the charging of proteins to facilitate MS characterization. The chemical labeling of proteins with fixed charges produced a greater increase in charging than that obtained by previously published approaches for increasing charging in ESI. While chemical modification can be laborious, the near quantitative transformations achieved with these reactions make this a viable approach for studying proteins in certain applications. Further development in chemical derivatization conditions may enable more extensive addition of fixed charges or basic groups to proteins, which may lead to narrow distributions of very high charge states for ESI-MS of denatured proteins. Combining these modifications with ion/molecule and ion/ion reactions in the gas-phase has already illustrated some unique approaches for altering protein charge state distributions [48] .
